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Abstract 

Although  large  ampere  hour  nickel-metal  hydride  (Ni-MH)  traction  batteries  are  in  the  stage  of  being  commercialized  for  electric  and 
hybrid  vehicle  applications,  little  is  known  about  their  performance  characteristics.  By  using  a  standard  Hg/HgO  reference  electrode  in  a 
commercial  Ni-MH  battery,  we  were  able  to  conduct  in  situ  measurements  to  determine  both  kinetic  and  thermodynamic  properties  of  the 
system,  including  the  characteristics  of  individual  electrodes.  Using  the  galvanostatic  intermittent  titration  technique  (GITT),  we 
simultaneously  and  effectively  determined  the  open-circuit  voltage  of  the  battery,  the  equilibrium  electrode  potentials,  and  the  diffusion 
coefficient  of  proton  and  hydrogen  in  the  nickel  and  metal  hydride  electrode,  respectively,  as  a  function  of  the  states  of  charge  (SOC).  Using 
the  current-step  excitation  technique,  we  found  that  the  internal  resistance  of  the  battery  primarily  comes  from  the  metal  hydride  electrode, 
which  is  greater  by  one  order  of  magnitude  than  that  of  the  Ni  electrode.  The  cyclic  linear  micro-polarization  experiments,  on  the  other 
hand,  showed  that  the  charge-transfer  resistance  of  the  electrochemical  reaction  at  the  metal  hydride  electrode  is  about  twice  larger  than  that 
of  the  Ni  counterpart  above  20%  SOC.  In  comparison,  the  internal  resistance  is  an  order  of  magnitude  smaller  than  those  of  the 
electrochemical  charge-transfer  reactions.  The  micro-polarization  technique  also  allowed  us  to  calculate  the  exchange  current  densities  of 
the  respective  electrode  electrochemical  reactions  and  the  associated  specific  exchange  current  densities.  These  in  situ,  simple  but  detailed, 
characterizations  of  the  thermodynamic  and  kinetic  properties  of  the  Ni-MH  system  provided  valuable  information  for  better  understanding 
of  the  battery  performance.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

Nickel-metal  hydride  (Ni-MH)  traction  batteries  are  in 
the  process  of  being  commercialized  for  electric  and  hybrid 
vehicle  applications.  Its  high  energy  density  and  power 
handling  capability  make  them  attractive  for  such  applica¬ 
tions.  Our  recent  work  showed  that  these  Ni-MH  batteries 
could  be  readily  fast  recharged  at  high  rates.  To  clearly 
interpret  the  nature  of  fast  charge/discharge  characteristics 
exhibited  by  the  Ni-MH  batteries,  we  found  that  it  is  crucial 
to  quantitatively  characterize  the  kinetic  properties  of  elec¬ 
trochemical  reactions  and  the  diffusion  processes  of  the 
active  species  in  the  electrolyte  and  the  electrodes.  To  date, 
a  few  sophisticated  mathematical  models  have  been  devel¬ 
oped  to  simulate  the  behaviors  of  the  nickel  hydroxide 
electrode  [  1—4],  metal  hydride  electrode  [5,6]  and  Ni-MH 
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battery  [7-10].  The  disparity  among  the  model  predictions 
and  experimental  results  remain  significant,  due  to  the  lack 
of  detailed  information  of  the  predominant  battery  reactions 
under  various  operating  conditions  and  the  inconsistency  in 
the  determination  of  the  kinetic  properties  of  the  electrode 
behaviors,  as  we  found  in  the  literature.  For  example,  the 
hydrogen  diffusion  coefficients  in  the  metal  hydrides  and 
nickel  electrode  active  materials  are  the  most  important 
kinetic  parameters  that  could  significantly  affect  the  cell 
performance.  Literature  data,  on  the  other  hand,  are  scarce 
and  limited,  nor  to  mention  that  the  reported  values  often 
differ  noticeably. 

Motupally  et  al.  [11]  studied  the  nickel  hydroxide  elec¬ 
trodes  and  found  that  the  proton  diffusion  coefficient  is  a 
strong  function  of  the  state  of  charge  (SOC).  The  value 
decreased  by  approximately  three  orders  of  magnitude  from 
3.4  x  10-11  to  6.4  x  10-15  m2/s,  when  the  electrode  was 
discharged  from  the  fully  charged  to  the  completely  dis¬ 
charged  state.  Zhang  and  Park  [12]  conducted  a  similar  study 
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and  reported  that  the  solid-state  proton  diffusion  coefficient 
was  around  4  x  10~16  nr/s.  A  similar  attempt  by  Ta  and 
Newman  [13]  showed  that  proton  diffusion  coefficient  in  a 
cobalt  hydroxide-containing  nickel  hydroxide  film  could 
vary  from  2  x  1(T17  to  1.9  x  10  16  m2/s,  with  a  concentra¬ 
tion-averaged  value  of  8.4  x  1CT17  m2/s.  The  difference 
among  these  results  may  be  mainly  due  to  their  different 
evaluation  methods  and  electrode  compositions.  Nonethe¬ 
less,  using  these  values  in  the  model  simulation  could  result 
in  erroneous  predictions. 

Similar  concerns  were  raised  on  the  metal  hydride  side. 
The  kinetic  studies  on  hydrogen  diffusion  in  metal  hyd¬ 
ride  electrodes  are  even  more  despaired.  It  has  been  reported 
[14]  that  the  effective  hydrogen  diffusion  coefficient  in 
LaNi4.  27Sno.24  is  around  6.7  x  10~15  m2/s  by  means  of 
chronopotentiometry.  The  application  of  chronopotentiome- 
try  to  determine  the  hydrogen  diffusion  coefficient  in  the 
MH  electrodes,  however,  seems  somewhat  unreliable.  The 
transition  time  is  so  long  that  more  than  one  predominant 
controlling  step  might  have  been  involved  during  the  charge/ 
discharge  regime  that  could  skew  the  interpretation  of  the 
data.  The  electrochemical  impedance  spectroscopy  (EIS)  is 
a  powerful  transient  technique  to  evaluate  the  interfacial 
mechanism  and  the  diffusion  process  of  the  electrode  reac¬ 
tion.  Previous  studies  have  shown  some  viable  applications 
of  the  EIS  to  analyze  the  mechanism  of  hydrogenation/ 
dehydrogenation  reactions  of  the  hydride  electrodes  [15- 
18].  The  report  on  the  diffusion  coefficient  of  hydrogen  in 
active  MH  electrode  is  still  lacking,  most  likely  due  to  the 
unavailability  of  these  commercial  materials  for  careful 
study  in  the  public.  Therefore,  there  is  a  strong  interest  to 
investigate  and  evaluate  the  kinetic  and  thermodynamic 
properties  of  the  active  materials  in  the  Ni  and  MH  electro¬ 
des,  preferably  in  situ  inside  the  commercial  cells. 

In  the  present  paper,  we  simultaneously  determined  the 
diffusion  coefficients  of  hydrogen  and  proton  in  the  metal 
hydride  and  the  nickel  electrodes,  respectively,  in  commer¬ 
cial  traction  batteries  as  a  function  of  the  state  of  charge  by 
means  of  the  galvanostatic  intermittent  titration  technique 
(GITT).  Good  agreement  was  found  between  our  measured 
and  the  best  published  data.  The  most  unique  and  important 
aspect  of  our  contribution  is  that,  for  the  first  time  in  a 
commercial  cell,  we  were  able  to  determine  the  hydrogen  or 
proton  diffusion  coefficient  in  the  respective  metal  hydride 
and  nickel  electrode  “in  situ”;  in  the  same  cell,  with  the 
same  technique,  and  at  the  same  time.  We  believe  that  our 
results  in  the  present  study  should  directly  reflect  the  most 
close-to-realistic  performance  characteristics  of  the  com¬ 
mercial  product. 

In  addition,  the  equilibrium  open-circuit  voltage  (OCV) 
of  the  battery  and  the  individual  electrode  potential  were 
determined  in  situ  and  also  presented  in  this  paper.  The 
voltage  “hysteresis”  of  the  Ni-MH  battery  seems  almost 
entirely  governed  by  the  hysteretic  behavior  of  the  nickel 
electrode.  The  internal  resistance  and  electrochemical  reac¬ 
tion  impedance  of  the  battery,  and  for  the  respective  nickel 


and  metal  hydride  electrodes  were  also  evaluated.  We  found 
that  the  internal  resistance  of  the  metal  hydride  electrode  is 
higher  by  one  order  of  magnitude  than  that  of  the  nickel 
electrode.  These  results  are  very  useful  for  the  battery  design 
and  modeling  work. 


2.  Theoretical  consideration 


Weppner  and  Huggins  [  19,20]  first  introduced  the  GITT  to 
investigate  the  thermodynamic  and  kinetic  properties  of 
solid  mixed-conducting  materials.  More  detailed  description 
and  review  of  the  work  can  be  found  in  the  literature  [2 1  ] .  In 
this  section,  we  discuss  only  the  relevant  part  of  the  tech¬ 
nique  and  the  approach  used  in  the  analysis  of  the  kinetic  and 
thermodynamic  data  of  the  hydrogen  in  the  Ni  and  MH 
electrode  active  materials  used  in  the  commercial  Ni-MH 
traction  battery. 

In  a  galvanostatic  mode,  a  constant  current  is  applied  to 
the  test  battery,  which  causes  a  time-dependent  concentra¬ 
tion  gradient  of  the  active  species  in  the  electrodes  just  inside 
the  interface  with  the  electrolyte.  The  change  in  the  cell 
voltage  with  time  resulted  from  this  condition  is  measured 
by  a  high  precision  potentiometer  in  the  GITT.  Fig.  1  shows 
the  schematic  of  a  GITT  test. 

In  order  to  calculate  the  voltage  E  as  a  function  of  time  t 
under  the  current  /,  the  time  dependence  of  the  concentration 
c  at  the  interface  x  has  to  be  determined  by  solving  Fick’s 
second  law: 


dc(x ,  t) 
dt 


=  D 


d2c(x,  t) 
dx2 


(1) 


with  the  following  initial  and  boundary  conditions: 

c(x,  0)  =  Co 
~  dc  I 

—D  —  =  — —  for  x  =  0  and  t  >  0 
ox  Snq 

dc 

—  =  0  for  x  =  L  and  t  >  0 

ox 

where  zh  q  are  the  charge  number  of  the  transport  species 
and  the  elementary  charge,  respectively.  S  is  the  contact  area 
between  the  electrolyte  and  electrode. 

The  solution  of  the  Fick’s  second  law  under  the  above 
conditions  can  be  expressed  in  the  following  form  [22]  for 
x  =  0: 


,  N  21  yft  v/A 

c(0,r)=c0+-  77^2 
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At  the  time  t  <S  L1  /D  the  infinite  sum  can  be  approximated 
by  the  first  term.  Then,  we  have 


dc(0,  t)  21  L2 

— = - -==  when  t  <  — 

d  y/t  Sz,q  vDtc  D 
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Fig.  1.  Schematic  illustration  of  a  single  step  of  the  galvanostatic  intermittent  titration  technique  (GITT). 


Expanding  d E  yields  the  expression  for  the  expected  time 
dependence  of  the  cell  voltage 

d  E  21  d  E  Lr 

— ,  = - ; - — t — r  when  t  <  —  (4) 

d  Jt  SziqJDndc(0,t)  D 

If  the  change  of  molar  volume  with  the  composition  was 
neglected,  the  changes  in  the  concentration  and  the  stoichio¬ 
metry  (<5  in  NiQ2H2_()  or  MH())  with  the  time  dr  are  related  by 

dc  =  ('  =  Ni02H2-,5  or  MHj)  (5) 

VM  zmF 


we  can  therefore  determine  the  potential  change  with  time. 
The  slope  of  the  potential  versus  “square  root  of  time”  curve 
will  be  used  to  determine  the  diffusion  coefficient  of  the 
hydrogen  in  the  respective  electrode.  This  procedure  is 
repeated  as  a  function  of  the  state  of  charge  of  the  battery. 
Thus,  the  concentration-dependence  of  the  diffusion  coeffi¬ 
cient  of  hydrogen  in  the  respective  electrode  active  material 
is  obtained. 


3.  Experimental  aspects 


where  /VA  is  Avogadro’s  number,  Zi  the  valence  of  the  charge 
species  in  the  negative  or  positive  electrode,  and  VM,  nij,  Mh 
I  and  F  are  the  molar  volume,  atomic  weight,  mass  of  the 
component  i,  the  applied  current,  and  the  Faraday’s  constant, 
respectively. 

By  using  a  sufficiently  small  current  within  a  short  period 
of  time,  the  change  of  the  steady-state  voltage  A Es  and  thus 
the  composition,  over  a  single  galvanostatic  titration  is 
small.  The  quantity  AE/A8  may  be  considered  to  be  constant 
and  may  be  replaced  by  the  ratio  of  the  finite  quantities,  A EJ 
AS.  Thus,  we  have  [19-21] 


/wb^mV2 

A  Es 

\mbs  ) 

_z(dE/d\fi)_ 

L2 

when  t  <6  — 
D 


(6) 


By  measuring  the  electrode  potential  versus  a  reference 
electrode  after  the  imposition  of  a  small  galvanostatic  pulse, 


3.1.  Batteiy  and  test  cell  configuration 

Two  85  Ah  Ni-MH  test  modules,  similar  to  the  commer¬ 
cially  available  traction  modules,  were  obtained  from  the 
manufacturer  and  used  in  the  investigation.  The  modules 
came  with  a  standard  Hg/HgO  reference  electrode  for 
individual  electrode  potential  measurements.  This  config¬ 
uration  allowed  us  to  take  the  advantage  of  the  in  situ  study 
of  the  individual  electrode  performance  in  a  module¬ 
like  operating  environment.  A  pressure  gauge  adaptor  was 
placed  at  the  vent  port  and  used  to  monitor  the  internal 
pressure  change  during  the  tests.  The  pressure  gauge  is 
made  by  Measurement  Specialties,  Inc.  (Fairfield,  NJ) 
and  has  a  working  range  of  0-180  psig  against  the  ambient. 
The  temperature  of  the  cell  was  monitored  externally 
at  the  sidewall  of  the  module.  The  temperature  probe  is  a 
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T-type  thermocouple  made  by  Omega  Engineering,  Inc. 
(Stamford,  CT). 

3.2.  Test  equipment  and  procedures 

The  electrochemical  investigations  were  conducted  with 
an  Arbin  BT-2043  multi-channel  battery  test  station.  The 
machine  has  a  16-bit  resolution  for  control  and  data  acquisi¬ 
tion  and  is  computerized  for  automated  testing.  The  battery 
module  was  placed  in  a  thermal-controlled  test  box  provided 
by  the  battery  manufacturer  with  a  small  electrical  cooling 
fan  to  facilitate  heat  dissipation  and  temperature  control.  All 
tests  were  conducted  in  an  air-conditioned  room  where  the 
ambient  temperature  was  controlled  in  the  range  of  23- 
25°C.  Preliminary  tests  showed  that  the  battery  can  deliver  a 
nominal  capacity  of  87.5  Ah  at  20  A  after  being  charged  for 
90  Ah  at  20  A. 

3.3.  Galvanostatic  intermittent  titration  technique  (GITT) 

In  the  GITT  study,  the  galvanostatic  pulse  was  set  at  10  A 
(close  to  C/9)  for  an  interval  of  300  s,  as  shown  schemati¬ 
cally  in  Fig.  1.  The  subsequent  rest  time  was  5  h,  during 
which  the  potential  change  with  time  was  carefully  mea¬ 
sured.  Our  preliminary  tests  showed  that  the  5  h  rest  was 
sufficient  to  allow  both  electrodes  to  return  to  their  respec¬ 
tive  equilibrium  states.  The  following  data  were  collected 
during  the  tests:  current,  cell  voltage,  positive  electrode 
potential  (versus  the  reference  electrode),  temperature,  pres¬ 
sure  and  charge  input  (often  denoted  as  Ahln).  We  assumed 
3860  and  2100  cm2/cm3  as  the  specific  area  for  the  Ni  and 
MH  electrode,  respectively,  according  to  published  data  [9]. 

3.4.  Cell  internal  resistance 

The  internal  resistance  of  the  battery  was  determined  by 
the  constant-current-step  excitation  method  at  different 


states  of  charge.  After  imposing  a  short  current  pulse  on 
the  test  battery,  we  monitored  the  response  of  the  battery 
voltage  and  individual  electrode  potential.  We  then  calcu¬ 
lated  the  corresponding  resistances  from  the  ratio  of  the 
change  of  voltage  to  the  current.  By  measuring  the  indivi¬ 
dual  electrode  potential  against  the  reference,  we  could 
separate  the  internal  resistance  between  the  positive  and 
negative  electrode  in  the  test  battery. 

3.5.  Interfacial  electrochemical  reaction  resistance 

The  interfacial  electrochemical  reaction  (or  charge-trans¬ 
fer)  resistance  was  determined  by  the  dynamic  cyclic  micro¬ 
polarization  technique  with  a  slow  scan  rate.  We  obtained 
the  voltammogram  by  applying  a  slow  linear  voltage  sweep 
(0.5  mV/s)  from  the  initial  equilibrium  open-circuit  voltage 
of  a  specific  state  of  charge  (SOC).  The  sweep  began  with  a 
discharge  step,  then  a  charge  step,  and  finally  a  discharge  to 
return  to  the  original  OC  V.  The  voltage  sweep  excitation  was 
controlled  within  a  range  of  ±15  mV.  We  found  a  good 
linear  response  of  the  current  to  the  voltage  scan.  The 
electrochemical  reaction  charge-transfer  resistance  of  the 
test  battery  and  the  individual  electrodes  were  thus  deter¬ 
mined  from  the  slope  of  the  corresponding  V-I  curves.  The 
exchange  current  density  of  the  respective  reaction  could 
also  be  evaluated,  assuming  the  effective  surface  area  of  the 
electrodes  is  known.  The  resistance  value  was  determined 
for  every  20%  SOC  of  the  composition. 

4.  Results  and  discussion 

4.1.  Diffusion  coefficient  determination 

The  diffusion  coefficient  of  hydrogen  in  the  respective 
electrode  matrix  was  derived  from  the  data  gathered  from 
the  GITT  experiments.  Fig.  2  shows  a  sequence  of  responses 


Time  (ks) 

Fig.  2.  A  sequence  of  GITT  tests.  The  transient  voltage  of  the  battery  as  a  function  of  test  time  under  the  constant  current  pulse  was  recorded. 
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of  the  battery  voltage  upon  the  imposition  of  intermittent 
constant-current  pulses  of  10  A  (~C/9  rate),  each  for  a 
period  of  300  s.  The  consequential  change  of  the  state  of 
charge  is  about  1%  per  cycle  in  a  GITT  test.  Fig.  3 A  and  B 
show  typical  voltage  changes  of  the  Ni  and  MH  electrode, 
respectively,  versus  the  square  root  of  time,  as  depicted  in 
Eq.  (6);  whereas  the  OCVs  of  the  battery  and  the  Ni  and  MH 
electrodes  were  1 .179,  0.286  and  —0.894  V,  respectively,  for 
this  particular  composition.  The  linear  relationship  shown  in 
the  Figures  implies  that  the  condition  depicted  in  Eq.  (6)  was 
met.  The  slope  of  each  curve  allowed  the  diffusion  coeffi¬ 
cient  of  hydrogen  in  the  respective  Ni  and  MH  electrode 
calculated.  The  values  are  reported  in  Figs.  4  and  5  for  the  Ni 
electrode  and  MH  electrode,  respectively,  as  a  function  of 
SOC. 

The  validity  of  using  Eq.  (6)  for  diffusion  coefficient 
determination  was  verified  as  follow:  In  most  Ni-MH 
batteries,  the  grain  size  for  both  electrodes  is  usually  larger 
than  a  few  microns.  Based  on  the  literature  data,  the  diffu¬ 
sion  coefficient  of  proton/hydrogen  in  the  Ni  and  MH 
electrodes  are  usually  less  than  1CT 14  m2/s.  Taking  a 
5  pm  grain  and  a  diffusion  coefficient  of  10  11  m2/s  as  an 
example,  the  criterion  for  a  short-time  duration  of  perturba¬ 
tion  should  be  of  the  order  of  2500  s.  Thus,  the  theoretical 
hypothesis  of  t  <§  r2/D  was  easily  met.  The  linear  relation¬ 
ship  between  the  voltage  change  and  f 1/2,  as  shown  in  Fig.  3  A 
and  B,  verifies  that  this  assumption  was  valid. 

4.2.  Proton  diffusion  in  the  Ni  electrode  matrix 

In  the  nickel  electrode,  as  shown  in  Fig.  4,  the  diffusion 
coefficient  of  proton  is  about  5.0  x  1 0  1  5  m2/s  at  the  “fully 
discharged”  state  (i.e.  SOC  ~  0%).  The  value  decreases  as 
the  charge  input  (or  SOC)  increases  in  the  low  (0-5%)  SOC 
region.  Within  5-50%  SOC,  the  diffusion  coefficient  of 
proton  is  relatively  constant,  around  1.0  x  10^15  m2/s.  A 
minimum  seems  to  exist  near  60%  SOC  where  the  diffusion 
coefficient  as  low  as  3.3  x  10~16  m2/s  was  measured. 


o  5  10  15  20 


,0.5  (s0.5) 

Fig.  3.  Typical  transient  voltage  changes  of  the  nickel  electrode  (A)  and 
the  metal  hydride  electrode  (B)  during  the  discharge  of  the  Ni-MH 
battery  as  a  function  of  the  square  root  of  the  charge  time.  The  charge 
current  was  10  A. 


Fig.  4.  Diffusion  coefficient  of  proton  in  the  nickel  electrode. 
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Beyond  60%  SOC,  the  value  steadily  increases  and  reaches 
7.0  x  10~15  m2/s  at  the  “fully  charged”  state.  The  diffusion 
coefficient  values  reported  here  were  obtained  from  the 
cathodic  (charge)  process. 

Previous  investigations  of  proton  diffusion  in  the  Ni 
electrode  composition  can  be  found  in  several  reports  cited 
herein.  In  1970,  MacArthur  [23]  first  reported  the  proton 
diffusion  coefficient  to  be  3.1  x  10~14  m2/s  based  on  his 
study  of  a  nickel  hydroxide  film  sample  during  a  charging 
process.  This  value  is  one  order  of  magnitude  greater  than 
the  value  reported  from  the  discharge  process.  He  hypothe¬ 
sized  that  the  lower  diffusion  coefficient  from  the  discharge 
was  due  to  the  formation  of  a  poorly  conductive  layer  on  the 
nickel  hydroxide.  Since  then,  a  few  attempts  to  determine 
the  diffusion  parameter  have  been  reported.  Our  measured 
diffusion  coefficient  is  close  to  Motupally’s  value  [11] 
(6.4  x  1 0  1 5  nr/s)  in  the  low  SOC  region,  where  the  cobalt 
hydroxide-containing  nickel  hydroxide  film  is  the  major 
composition.  He  also  noted  the  dependence  of  the  diffusion 
coefficient  on  the  SOC.  Ta  and  Newman  [13]  reported  a 
concentration-averaged  value  of  the  diffusion  coefficient  of 
8.4  x  10-17  m2/s  for  the  cobalt  hydroxide-containing  nickel 
hydroxide  film  (10-40  nm  in  thickness)  electrode.  They 
attributed  their  low  value  to  the  crack-free  thin-film  elec¬ 
trode  used  in  their  experiment. 

An  overview  of  the  proton  diffusion  coefficient  in  the 
nickel  electrode  matrix  is  summarized  in  [13].  From  the 
literature,  the  values  of  the  diffusion  coefficient  spread  over 
four  orders  of  magnitude,  from  3  x  10  13  to  8  x  10  17  m2/s. 
The  wide  range  distribution  of  the  diffusion  coefficient 
values  could  be  attributed  to  the  following  reasons:  (1) 
compositional  variations  due  to  different  electrode  prepara¬ 
tion  methods,  (2)  the  validity  of  the  application  of  the 
mathematical  model,  (3)  the  accuracy  of  the  measurement 
on  the  electrode  physical  properties  such  as  thickness  and 
specific  surface  area,  (4)  the  influence  from  the  additives, 
and  (5)  the  assumed  dependence  of  open-circuit  voltage  on 


concentration,  including  the  hysteresis  effect.  We  attribute 
our  relatively  high  diffusion  coefficient  at  the  low  SOC 
region  to  the  existence  of  the  cobalt  hydroxide  additives. 

Generally,  most  of  the  experiments  to  determine  the 
proton  diffusion  coefficient  were  carried  out  with  electro- 
precipitated  film  electrodes.  Since  the  semi-infinite  slab 
approximation  is  only  accurate  under  the  short-time  assump¬ 
tion  where  t  <§  r2/D,  it  was  difficult  to  invoke  the  semi- 
infinite  slab  approximation  in  previous  film  experiments  and 
the  application  of  the  mathematical  calculations.  One  could 
see  the  apparent  deviation  between  the  experimental  and 
calculated  data  beyond  10  s  after  the  voltage  perturbation 
[13].  In  our  present  investigation,  we  did  not  encounter  such 
a  problem.  The  assumption  of  the  linear  relation  between  the 
voltage  and  square  root  of  time  is  valid  even  in  the  duration 
of  300  s,  as  shown  in  Fig.  3A  and  B.  The  data  reported  here 
would  be  helpful  in  the  evaluation  and  simulation  of  the 
behaviors  of  the  commercial  Ni-MH  traction  batteries. 

4.3.  Hydrogen  diffusion  in  MH  electrode  matrix 

Our  calculated  data  of  the  hydrogen  diffusion  coefficient 
in  the  MH  electrode  matrix  is  shown  in  Fig.  5.  We  found 
that  the  diffusion  coefficient  is  low  at  the  nearly  fully 
discharged  state;  i.e.  3.0  x  10  16  m2/s.  The  diffusion  coeffi¬ 
cient  increases  substantially  as  the  SOC  increases.  The 
average  value  of  the  diffusion  coefficient  is  around  2.2 x 
10  15  m2/s  above  20%  SOC.  The  dependence  of  the  diffu¬ 
sion  coefficient  upon  hydrogen  content  was  also  reported  by 
Kuriyama  et  al.  [25]  in  their  EIS  studies  of  both  misch  metal 
(Mm)-based  and  Ti-based  hydride  electrodes.  They  found 
the  resistance  component  have  a  minimum  at  79%  depth  of 
discharge  (DOD).  They  however  did  not  provide  the  detail 
data  of  the  diffusion  coefficient. 

Zhang  et  al.  [14]  conducted  galvanostatic  investigations 
on  bare  and  copper-coated  LaNi427Sn024  electrodes  by 
taking  into  account  of  the  transient  time  and  reported  the 


Fig.  5.  Diffusion  coefficient  of  hydrogen  in  the  metal  hydride  electrode. 
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comparable  value  of  6.7  x  10  15  m2/s  of  the  hydrogen 
diffusion  coefficient.  Heikonen  et  al.  [26]  used  the  value 
of  5  x  10  15  m  7s  as  the  diffusion  coefficient  in  the  MH 
electrode  in  their  simulation  study  on  the  effect  of  particle 
size  on  the  discharge  performance  of  a  Ni-MH  battery.  Good 
agreement  between  the  simulation  and  the  test  was  reported. 

In  short,  the  diffusion  coefficients  of  proton  and  hydrogen 
in  the  respective  nickel  and  metal  hydride  electrode  matrixes 
are  of  the  same  order  of  magnitude.  At  the  low  SOC,  the 
hydrogen  diffusion  in  the  MH  electrode  seems  slower  than 
the  proton  diffusion  in  the  Ni  matrix.  We  suspect  that  the 
existence  of  a  thicker  mix-conducting  oxide  layer  on  the  MH 
surface  might  have  prohibited  the  hydrogen  atom  to  diffuse 
inside  the  matrix. 

4.4.  Open-circuit  voltage  (OCV)  measurements 

4.4.1.  The  OCV  versus  SOC  curi’e 

From  the  GITT  experiments,  the  relationships  between 
the  SOC  and  the  equilibrium  OCV  of  the  battery  as  well  as 
the  individual  electrode  potentials  were  obtained.  GITT 
allows  the  thermodynamic  properties,  such  as  the  OCV, 
which  could  be  used  to  determine  Gibbs  free  energy  of 
reaction  of  the  battery,  be  determined  simultaneously  with 
the  investigations  on  the  kinetic  parameters  such  as  the 
diffusion  coefficients.  This  was  accomplished  by  imposing 
a  current  pulse  followed  by  a  subsequent  5  h  rest  period 
which  allowed  the  equilibrium  OCV  of  the  battery  be 
measured  along  with  the  detailed  relaxation  data  that  can 
be  used  in  the  calculation  of  the  diffusion  coefficient  for  the 
corresponding  composition.  We  found  the  value  of  the  OCV 
increases  with  the  amount  of  charge  input  or  SOC. 

Fig.  6A-C  show  the  equilibrium  OCV  of  the  battery  and 
the  respective  nickel  and  metal  hydride  electrode  potential 
as  a  function  of  the  state  of  charge.  The  voltage  of  battery 
varies  with  SOC  in  the  range  of  1 . 1 1 0- 1 .4 1 1  V.  The  range  of 
the  nickel  electrode  potential  is  between  0.226  and  0.507  V 
versus  the  Hg/HgO  reference  electrode.  The  potential 
change  in  the  MH  electrode  over  the  whole  range  of  SOC 
is  only  about  0.021  V,  from  —0.883  to  —0.904  V  versus  Hg/ 
HgO. 

The  measured  equilibrium  OCV  allowed  us  to  calculate 
the  change  of  the  Gibbs  free  energy  of  reaction  A Gr  for  the 
overall  cell  reaction: 

M  +  vNi('OH),  =  MH,  +  xNiOOH 

where  x  =  0  to  x  =  1 ,  via 

A  Gr  =  -zF(OCV)  (8) 

The  values  of  AGr  are  shown  in  Fig.  6A  as  a  function  of 
SOC.  The  AGr  varies  with  SOC,  from  —  136kJ/mol  at  the 
fully  charged  state  to  —107  kJ/mol  at  the  fully  discharged 
state.  The  AGr  also  depends  on  the  path  of  charge  or 
discharge  regime,  exhibiting  a  hysteresis  during  the  cycle. 

The  overall  cell  reaction  as  depicted  in  Eq.  (7)  can  be 
further  represented  by  two  separate  chemical  reactions,  each 
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Fig.  6.  The  equilibrium  voltage  and  free  energy  change  of  the  battery  (A), 
the  nickel  (B)  and  the  metal  hydride  (C)  electrodes  with  respect  to  the  state 
of  charge  (SOC). 


relates  to  the  individual  electrode  as 

xNi(OH)2  =  xNiOOH  +  i.vH2  (9) 


M  +  [  a-H2  =  MHV  (10) 

respectively.  Eq.  (9)  represents  the  compositional  change  of 
the  nickel  hydroxide  electrode  of  which  the  hydrogen  was 
added  or  removed  from  the  matrix.  Eq.  (10)  represents  the 
hydride  transformation  in  the  course  of  the  charge  and 
discharge  regime,  as  the  complementary  part  of  Eq.  (9). 
Accordingly,  a  change  of  the  Gibbs  free  energy  of  reaction 
will  be  associated  with  each  respective  reaction  of  Eqs.  (9) 
and  (10). 


(7)  and 
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We  can  derive  each  A Gr  for  Eqs.  (9)  and  (10),  respec¬ 
tively,  as  follows.  For  the  positive  nickel  hydroxide  elec¬ 
trode,  the  half-cell  reaction  can  be  expressed  as 

xNiOOH  +  xH20  +  xe~  =  xNi(OH)2  +  xOH  (11) 

while 

xH20  +  .re'  =  xOH~  +  ^.vH2  (12) 

The  combination  of  Eqs.  (11)  and  (12)  leads  to  Eq.  (9),  which 
represents  the  overall  reaction  for  the  standard  Ni-MH 
battery.  The  standard  reduction  potential  for  Eq.  (11)  was 
reported  [27]  to  be  0.4153  V  versus  Hg/HgO.  The  standard 
reduction  potential  for  Eq.  (12)  is  —0.9254  V  versus  Hg / 
HgO,  which  represents  the  standard  reversible  hydrogen 
potential  in  the  alkaline  solution.  Combining  Eqs.  (11)  and 
(12)  we  can  calculate  the  voltage  for  a  standard  cell  with  an 
overall  reaction  represented  by  Eq.  (9)  to  be  1 .3407  V. 

Our  present  test  shows  that  the  curve  of  OCV  versus  SOC 
for  the  positive  nickel  electrode  follows  a  Nernstian  shape, 
implying  that  the  AGr  for  Eq.  (9)  includes  an  entropy 
contribution  from  the  mixing  of  hydrogen  in  the 
Ni(OH)2/NiOOH  solid  solution  matrix.  However,  the  free 
energy  change  from  the  mixing  contribution  alone  cannot 
explain  the  hysteresis  and  the  characteristics  of  the  AGr  for 
Eq.  (9),  suggesting  that  the  behavior  of  the  Ni(OH)2/NiOOH 
solid  solution  deviates  from  an  ideal  mixture.  In  the  dis¬ 
charge  branch  of  Fig.  6B,  the  reported  standard  potential 
(0.4153  V)  for  the  Ni(OH)2/NiOOH  system  lies  at  about 
73%  SOC. 

It  should  be  noted  that  the  oxygen-cycle  side  reaction  at 
the  nickel  electrode  consumes  some  charge  due  to  gas 
generation  and  recombination,  which  will  result  in  a  reduced 
SOC  value  less  than  that  calculated  from  the  charge  extent.  It 
is  especially  true  at  high  SOCs  where  gassing  is  inevitable. 
As  a  result  of  this  phenomenon,  the  OCV  values  of  the 
charge  branch  at  high  SOCs  might  actually  be  higher  than 
those  shown  in  Fig.  6B. 

For  the  MH  electrode,  the  half-cell  reaction  is  expressed  as 
M  +  H20  +  e^MH  +  OH'  (13) 

Combining  Eq.  (13)  with  the  reverse  of  Eq.  (12)  yields  the 
metal  hydride  formation  (Eq.  (10)).  It  will  allow  the  Gibbs 
free  energy  of  formation  of  the  MH  AGf.Mii  be  calculated 
accordingly.  The  values  are  presented  in  Fig.  6C.  The 
AGf  Mn  changes  almost  linearly  with  SOC  (or,  with  the 
concentration  of  hydrogen  in  the  MH),  from  —4.09  kJ/mol 
in  the  initial  charge  to  —2.40  kJ/mol  at  the  end  charge.  The 
AGf  Mii  is  closely  related  to  the  chemical  potential  of 
hydrogen  in  the  MH.  Thus,  the  chemical  potential  of  hydro¬ 
gen  within  the  MH  only  changes  by  1.69  kJ/mol  in  the  entire 
range  of  SOC.  The  slight  difference  in  the  chemical  potential 
between  the  high  and  low  concentrations  of  hydrogen  (or 
SOC)  seems  to  offer  only  minor  driving  force  for  the 
diffusion  of  hydrogen  inside  the  bulk  of  the  alloy.  That 
explains  why  the  MH  electrode  often  gives  off  gaseous 
hydrogen  under  a  relatively  mild  charge  rate  even  though 


the  diffusion  coefficient  of  hydrogen  within  the  MH  elec¬ 
trode  is  in  the  same  order  of  magnitude  as  that  of  proton  in 
the  Ni  electrode. 

The  voltage  hysteresis  observed  in  Fig.  6A  is  about  70  mV 
in  the  middle  range  of  the  SOC.  The  hysteresis  was  almost 
entirely  contributed  from  the  nickel  electrode  potential.  No 
apparent  voltage  hysteresis  was  attributed  to  the  metal 
hydride  electrode,  which  implies  that  the  electrochemical 
reaction  at  the  metal  hydride  electrode  is  quite  reversible. 

The  voltage  hysteresis,  A//,  resulted  in  a  decrease  in  the 
energy  round-trip  cycling  efficiency.  Under  a  constant-cur- 
rent  charge/discharge  cycle,  the  energy  efficiency,  s,  is 
roughly  represented  by 


where  Vch  refers  to  the  average  voltage  in  the  charge  branch 
of  the  cycle.  For  this  particular  test  battery,  the  energy  loss 
due  to  the  hysteresis  is  about  5%  based  on  the  average 
equilibrium  charge  voltage  of  1.350  V.  In  practical  use,  the 
energy  loss  is  usually  larger  than  the  above  estimated  value 
near  the  equilibrium  condition. 

A  few  attempts  have  been  made  in  the  past  to  model  the 
equilibrium  potential  of  the  nickel  electrode  based  on  ther¬ 
modynamic  considerations  of  a  non-ideal  solution  [28].  No 
satisfactory  explanation  has  been  yielded  so  far.  The  origin 
of  the  hysteresis  is  still  unexplained.  Glemser  and  Einerhand 
[24]  first  discussed  the  origin  of  the  hysteresis  from  a  charge/ 
discharge  cycle.  They  hypothesized  that  the  reduction  pro¬ 
cess  was  due  to  the  transformation  of  a  Ni3+  species  to  a 
Ni2+  species,  while  the  oxidation  process  took  place  via  a 
different  mechanism  in  which  the  Ni2+  species  was  trans¬ 
formed  to  a  Ni4+  species,  which  subsequently  reacted  with 
excess  Ni2  1  species  to  form  a  Ni3+  species.  A  more  plau¬ 
sible  explanation  for  the  hysteresis  behavior  is  the  expansion 
and  contraction  of  the  nickel  hydroxide  lattice  structure  with 
the  intercalation  and  desertion  process.  Extended  X-ray 
absorption  fine  structure  results  indicated  that  the  distance 
between  the  nickel  and  oxygen  atoms  shrunk  from  0.207  to 
0.18  nm  during  the  desertion  process.  This  structural  change 
represented  an  increase  in  the  c  lattice  parameter  and  a 
decrease  in  the  a  parameter  in  the  oxidation  of  (3-Ni(OH)2  to 
[S-NiOOH.  Therefore,  reducing  the  size  of  the  nickel  hydro¬ 
xide  particles  might  be  a  solution  to  alleviate  the  intrinsic 
energy  loss  due  to  the  hysteresis  effect. 

Our  interpretation  of  the  hysteresis  mechanism  seems  to 
align  with  those  suggested  by  crystallographic  evidence  that 
the  lattice  expands  and  contracts  when  hydrogen  (proton)  is 
intercalated  and  removed  from  the  lattice,  respectively.  We 
believe  that  this  lattice  expansion/contraction  must  be 
“inelastic”  in  nature,  thus  resulting  in  hysteresis.  In  addi¬ 
tion,  the  polycrystalline  grains  of  the  solid  solution  seems  to 
only  allow  the  lattice  expansion/contraction  occurring  in  a 
“quasi-collective”,  massive,  and  irreversible  fashion  (i.e. 
via  different  transformation  paths  in  the  charge  and  dis¬ 
charge  progression)  within  the  time  frame  of  the  experi- 
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merits.  In  other  words,  in  the  beginning  of  the  charge  regime  found  that  the  internal  resistance  of  the  test  battery  decreases 
the  lattice  expansion  must  take  place  quite  collectively  and  from  around  3.0  mQ  in  the  fully  discharged  state  to  2.8  mQ 

rapidly  to  accommodate  the  phase  transformation  triggered  in  the  high  SOCs.  The  major  contribution  to  the  internal 

by  the  insertion  of  the  hydrogen  (proton)  in  the  lattice.  The  resistance  is  mainly  from  the  metal  hydride  electrode,  which 
channels  for  hydrogen  transport  were  created  in  such  a  was  estimated  to  be  about  2.3  mQ.  The  internal  resistance  of 

massive  manner  through  the  lattice  expansion,  attributing  the  nickel  electrode  is  less  than  that  of  the  MH  electrode  by 

to  the  rapid  change  in  the  electrode  potential  at  the  same  one  order  of  magnitude. 

time.  This  hypothesis  is  evident  from  the  characteristics  of  The  IR  voltage  change  of  the  battery  or  the  individual 

the  proton  diffusion,  which  was  relatively  fast  and  constant  electrode  potential  is  time  independent  and  almost  constant 

throughout  the  entire  composition  range  after  the  initial  during  a  charge  titration  test.  It  would  not  change  the  slope 
charging.  As  the  initial  charging  transformation  rapidly  of  the  voltage-time  profile,  which  ought  to  affect  the  calcu- 

progressing,  in  the  middle  part  of  the  composition  change,  lation  of  the  diffusion  coefficients.  This  characteristic  is  an 

the  potential  change  is  relatively  mild,  merely  reflecting  the  advantage  of  GITT  over  the  conventional  potential-step 

“mixing”  behavior  resulting  from  the  random  occupation  of  methods,  since  the  latter  require  an  infinitely  large  current 

the  sites  by  the  protons  in  the  lattice.  to  pass  through  the  battery  initially  to  meet  the  boundary 

Similar  to  the  charging  behavior,  the  discharge  regime  will  conditions  precisely  [21]. 

be  accompanied  by  a  rapid  lattice  adjustment  through  con¬ 
tracting  to  facilitate  the  removal  of  the  protons.  However,  this  4.6.  Cyclic  linear  micro-polarization  and  the 

process  ought  to  happen  in  a  different  region  of  the  matrix,  charge-transfer  resistance 
since  the  expanded  region  now  would  be  difficult  to  contract 

collectively.  This  “irreversible”  nature  of  the  lattice  response  The  cyclic  linear  micro-polarization  (CLMP)  technique 

due  to  collective  steric  hindrance  leads  to  the  occurrence  of  would  provide  useful  information  of  the  intrinsic  kinetic 

“hysteresis”.  In  order  to  verify  this  hypothesis  we  are  properties  of  the  electrochemical  system,  as  well  as  the 

conducting  further  experiments  to  understand  this  behavior.  resistance  value  from  the  electrochemical  reaction.  Fig.  8 

shows  a  typical  profile  of  the  voltage  perturbation  and  the 
4.5.  Current-step  excitation  and  the  internal  resistance  responding  current  of  the  test  battery.  In  our  study,  the 

of  the  battery  voltage  and  current  were  sampled  twice  per  second.  Since 

the  amplitude  of  voltage  perturbation  was  controlled  with 
Fig.  7  shows  the  internal  resistance  of  the  entire  cell  and  ±15  mV  of  the  original  equilibrium  OCV,  the  effect  of  the 

the  individual  nickel  and  metal  hydride  electrode  as  a  change  in  the  concentration  and  the  potential  through  the 

function  of  SOC.  The  internal  resistance  was  measured  pore  electrolyte  during  a  voltage  scan  could  be  neglected, 

by  the  current-step  method,  as  shown  in  Fig.  1.  The  voltage  The  general  Butler- Volmer  equation  of  the  electrochemical 

change  was  recorded  within  the  first  two  data  points  before  reaction  of  the  cell  or  the  individual  electrode  is  reduced  to  a 

and  after  applying  or  removing  the  imposition  of  a  constant  simplified  form 

current  at  the  best  speed  of  the  data  acquisition  system.  The 
internal  resistance  includes  the  contributions  from  the  con-  }1  _  RT 
tacts  among  the  cell  components  and  the  electrolyte.  We  I  Fio 
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Fig.  7.  Internal  resistance  of  the  Ni-MH  battery  and  that  of  the  individual  nickel  and  metal  hydride  electrode  as  a  function  of  the  state  of  charge. 
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V  =  0.00351+  1.4133 


V  =  0.00371  +  1.3321 

V  =  0.00361  +  1.3092 

V  =  0.00361+  1.2926 

V  =  0.00381  +  1.2585 


V  =  0.00471+  1.1344 


Fig.  8.  Cyclic  linear  micro-polarization  behavior  of  the  battery  at  different  state  of  charge.  Scanning  rate:  0.5  mV/s.  The  slope  of  the  curves  depicts  the 
electrochemical  charge-transfer  resistance  for  the  corresponding  reaction.  For  the  battery,  it  decreased  from  4.7  mQ  per  battery  at  a  nearly  fully  discharged 
state  to  3.5  mQ  per  battery  at  the  fully  charged  state.  The  second  term  at  the  right-hand  side  of  the  equation  represents  the  equilibrium  voltage  of  a  certain 

soc. 


where  rj,  /,  i0,  R,  T  and  F  are  the  overpotential,  the  resultant 
current,  the  exchange  current  density,  the  universal  gas 
constant,  absolute  temperature  and  Faraday’s  constant, 
respectively. 

From  the  slope  of  the  V-/  curve,  we  estimated  the 
electrochemical  reaction  charge-transfer  resistance  of  the 
entire  battery  to  be  3.6  mQ  per  battery  above  20%  SOC,  and 
4.7  mQ  at  the  nearly  fully  discharged  state. 

Figs.  9  and  10  show  the  micro-polarization  profiles  of  the 
nickel  and  metal  hydride  electrodes,  respectively.  The 
change  in  the  electrochemical  reaction  resistance  of  the 
metal  hydride  electrode  seems  less;  the  value  stays  roughly 
constant  around  2.3  mQ  for  the  entire  range  of  SOC.  The 


electrochemical  charge-transfer  resistance  of  the  nickel 
electrode  is  relatively  constant  at  1 .4  mQ  above  20% 
SOC,  but  increases  to  2.4  mQ  at  the  nearly  fully  discharged 
state.  In  short,  the  values  for  the  charge-transfer  resistance 
on  positive  and  negative  electrode  are  very  similar  in 
magnitude.  Further  comparison  of  the  internal  resistance 
and  charge  transfer  resistance  in  each  electrode,  we  found 
that  (1)  In  the  metal  hydride  electrode,  the  values  of  the 
internal  resistance  and  charge  transfer  resistance  are  very 
similar,  indicating  that  the  predominant  contribution  to  the 
initial  IR  internal  resistance  in  the  metal  hydride  electrode  is 
the  charge  transfer  resistance,  while  the  electronic  resistance 
is  negligible;  (2)  In  the  nickel  electrode,  on  the  other  hand. 


V_Ni  =  0.0011  1  +  0.5135 

V_Ni  =  0.0014 1 +  0.4331 
V_Ni  =  0.0014  I +  0.4143 
V_Ni  =  0.0013 1 +  0.4014 
V_Ni  =  0.0015  1  +  0.3712 


V_Ni  =  0.0024 1  +  0.2492 


-4  -2  0  2  4 

Current  (A) 

Fig.  9.  Cyclic  linear  micro-polarization  of  the  nickel  electrode  at  different  state  of  charge.  Scanning  rate:  0.5  mV/s.  The  charge-transfer  resistance  decreases 
from  2.4  mil  per  battery  at  a  nearly  fully  discharged  state  to  1 . 1  ml)  per  battery  at  the  fully  charged  state. 
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Fig.  10.  Cyclic  linear  micro-polarization  of  the  metal  hydride  electrode  at  different  state  of  charge.  Scanning  rate:  0.5  mV/s.  The  charge-transfer  resistance  is 
about  2.3  mfi  over  the  full  range  of  SOC. 


the  initial  IR  internal  resistance  is  about  one  order  of 
magnitude  smaller  than  the  charge  transfer  resistance,  sug¬ 
gesting  that  the  internal  resistance  in  the  nickel  electrode  is 
electronic  in  nature,  while  the  charge  transfer  resistance  does 
not  come  into  play  significantly  until  the  later  part  of  the 
reaction. 

Heat  generation  from  both  the  internal  resistance  and 
electrochemical  charge-transfer  resistance  ( I2R )  will  be 
significant  under  a  large  charge/discharge  current,  such  as 
3  C  rate  at  255  A.  The  heat  would  induce  a  dramatic  increase 
in  the  temperature  profile  of  the  battery.  As  a  consequence, 
the  hydrogen  will  be  released  from  its  absorbed  state  in  the 
bulk  of  the  metal  hydride,  therefore  the  internal  pressure  will 
rapidly  increase,  leading  to  the  charge  imbalance  between 
the  positive  and  negative  electrodes.  How  to  effectively 
reduce  the  internal  resistance,  especially  of  the  metal 
hydride  electrode,  is  an  urgent  issue  to  improve  the  fast 
rechargeability  of  the  Ni-MH  batteries  and  packs. 

4.7.  Exchange  current  densities 

Assuming  that  the  test  battery  contains  400  g  nickel  hydro¬ 
xide  powder  with  a  specific  active  area  of  3860  cm2/cm3,  we 
could  calculate  the  exchange  current  density  of  the  positive 
electrode  to  be  2.4  x  1 0  5  A/cm2  at  100%  SOC  and  1.4x 
1 0  5  A/cm2  at  0%  SOC.  We  can  also  estimate  the  specific  ex¬ 
change  current  density  in  term  of  weight  as  58.3  mA/g  at 
100%  SOC  and  26.7  mA/g  at  0%  SOC. 

Similarly,  the  exchange  current  density  of  the  metal 
hydride  electrode  is  about  7.1  x  1CT5  A/cm2  in  the  full  range 
of  SOC  on  the  basis  of  425  g  of  the  metal  hydride  alloy  with 
a  specific  active  area  of  2100  cm2/cm3.  The  value  of  specific 
exchange  current  density  is  about  25.2  mA/g.  Our  calculated 
value  is  consistent  with  that  of  17.5  mA/g  for  copper-coated 
LaNi4 ,27Sno.24  electrode  [14].  The  copper  coating  does  not 


provide  any  catalytic  effect  on  the  electrochemical  reaction, 
rather  than  acting  as  a  micro-current  collector  that  facilitates 
the  charge-transfer  reaction  on  the  alloy  surface. 

5.  Conclusions 

Several  simple,  in  situ,  electrochemical  techniques  were 
used  in  the  detailed  characterizations  of  the  thermodynamic 
and  kinetic  properties  of  a  commercial  Ni-MH  battery 
system,  including  the  contributions  from  the  individual 
electrodes,  in  the  presence  of  a  Hg/HgO  reference  elec¬ 
trode.  We  were  able  to  use  the  GITT  to  effectively  determine 
(1)  the  OCV  of  the  battery,  (2)  the  equilibrium  electrode 
potentials,  and  (3)  the  diffusion  coefficient  of  proton  and 
hydrogen  in  the  respective  nickel  and  metal  hydride  elec¬ 
trodes,  as  a  function  of  the  SOC.  Through  the  current-step 
excitation  technique,  we  determined  the  internal  resistance 
of  the  battery  and  found  that  it  is  primarily  contributed  by 
the  metal  hydride  electrode,  by  an  order  of  magnitude  than 
that  of  the  Ni  counterpart.  In  contrast,  the  cyclic  linear 
micro-polarization  experiments  revealed  that  the  charge- 
transfer  resistance  of  the  metal  hydride  electrode  was  also 
about  twice  larger  than  that  of  the  Ni  counterpart  above  20% 
SOC.  The  internal  resistance  is  an  order  of  magnitude 
smaller  than  those  from  the  electrochemical  charge-transfer 
reactions.  We  calculated  the  exchange  current  densities  and 
the  associated  specific  exchange  current  densities  of  the 
respective  electrode  electrochemical  reactions  from  the 
micro-polarization  data.  Good  agreement  was  found  with 
literature  data.  The  most  important  benefit  of  these  detailed 
characterizations  is  the  very  valuable  information  obtained 
from  these  studies  can  greatly  enhance  our  understanding  of 
the  battery  performance  and  its  deficiencies  for  future 
improvements. 
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